A characteristic response of tomato to waterlogging is epinasty of the petioles (10). Recent studies have demonstrated that epinastic growth of the petioles is a response to accelerated rates of ethylene synthesis (2, 8) . Anaerobic conditions in the root zone are sufficient to cause elevated ethylene synthesis and epinasty in the shoot regardless of whether the anaerobiosis is imposed by waterlogging (8, 11) , or by flushing with N2 (2, 8, 9, 14) . Indirect evidence suggested that a signal from the anaerobic roots is transported to the shoot where it stimulates ethylene synthesis (2, 8, 9) . Using plants with a divided root system, Jackson and Campbell (8) demonstrated that the transport of such a signal was probably through the xylem.
growth, which were closely correlated. Plants flooded and then drained showed a rapd, simultaneous drop in ACC flux and ethylene synthesis rate. ACC suppled through the cut stem oftomato shoots at concentrations comparable to those found in xylem sap caused eplnasty and Increased ethylene production. These data indcate that ACC is synthesized in the anaerobic root and transported to the shoot where it is readily converted to ethylene.
A characteristic response of tomato to waterlogging is epinasty of the petioles (10) . Recent studies have demonstrated that epinastic growth of the petioles is a response to accelerated rates of ethylene synthesis (2, 8) . Anaerobic conditions in the root zone are sufficient to cause elevated ethylene synthesis and epinasty in the shoot regardless of whether the anaerobiosis is imposed by waterlogging (8, 11) , or by flushing with N2 (2, 8, 9, 14) . Indirect evidence suggested that a signal from the anaerobic roots is transported to the shoot where it stimulates ethylene synthesis (2, 8, 9) . Using plants with a divided root system, Jackson and Campbell (8) demonstrated that the transport of such a signal was probably through the xylem.
A burst of ethylene is often observed when plant tissues are transferred from anaerobic to aerobic conditions (4) . Such a surge of ethylene evolution following an anaerobic incubation has been observed in excised tomato roots (9) . Recently, Adams and Yang (1) have identified ACC2 as an immediate precursor of ethylene in apple tissue. ACC accumulates under anaerobic conditions and is rapidly converted to ethylene in aerobic tissues.
The present work was undertaken to test whether ACC is the signal which is synthesized in anaerobic roots and transported in 'This work was supported in part by National Science Foundation Grant PCM 78-09278. Ethylene Measurements. Ethylene production by excised petioles was estimated by the procedure of Jackson and Campbell (7) . Proximal sections (5 cm) of the second, third, and fourth oldest petioles were enclosed in a 4.1-ml test tube, flushed with ethylene-free air, and capped with a serum stopper. After 30 min, a 0.5-ml gas sample was taken with a gas-tight syringe. The (16) . The yield ranged from 25 to 65% in various samples. The amount of ACC in the sample was calculated from the quotient of ethylene released/efficiency ofthe conversion ofACC to ethylene. This assay method has been shown to be highly specific for ACC with virtually no interference by other compounds existing in xylem sap ( Fig. 1 ) or other tissue extracts (16) .
Extraction and Chromatography. Roots grown in solution culture were homogenized in 5% 5-sulfosalicylic acid (3 ml/g tissue) and centrifuged at 30,000g for 10 min. An aliquot of the supernatant was passed through an ion exchange resin (Dowex 50-X8, H+ form) column, washed with water, and eluted with 2 N NH4OH (16) . The eluate was evaporated to dryness and dissolved in 2 ml of H20 for ACC assay and paper chromatography.
Samples of root extract and xylem sap were spotted ofl Whatman 3MM chromatography paper and developed in a descending manner with 1-butanol-acetic acid-water (4:1:1, v/v). The chromatograms were cut into sections which were eluted three times each with 0.5 ml H20. (18) , it is important to establish whether there are any other compounds which may release ethylene upon reaction with NaOCl reagent (16) . Paper chromatography of xylem sap from flooded plants indicates that only the region corresponding to ACC released significant ethylene in the assay method (Fig. 1) . As expected for ACC, the ethylene-releasing compound in the xylem sap was adsorbed on cation ion exchange resin, and following elution and paper chromatography it had an R, identical to authentic ACC (Fig. 1) . These results, coupled with the observation that the release of ethylene with NaOCl reagent is highly specific for ACC (16) , indicate that the ethylene-releasing compound is indeed ACC. Only trace amounts of ACC were detected in control sap. Roots treated anaerobically for 12 h in solution culture showed an 11-fold increase in ACC content. ACC content after 12 h treatment under air or N2 was 0.09 ± 0.03 and 1.02 ± 0.32 nmol/g fresh weight, respectively. The ethylene-releasing compound in the root extract also had an RF identical to that of authentic ACC (Fig. 1) . These results indicate that ACC is present at elevated levels in both anaerobic roots and xylem sap, and that other compounds present in the extracts do not interfere with the assay.
Within 12 h after flooding, ACC flux in the xylem had already increased dramatically, while epinasty was still not detectable ( Fig. 2) . At subsequent times, changes in ACC flux preceded similar changes in epinasty by about 12 h. ACC in xylem sap of control plants was barely detectable if present at all. The relationship between ACC flux and epinasty is shown clearly in Figure 3 , where epinasty at a given time is plotted as a function of the ACC flux measured 12 h previously. The degree ofepinastic growth was highly correlated with the ACC flux. The immediate cause of epinasty is increased ethylene levels in the petiole. ACC flux in relation to ethylene production rate was therefore examined. An increase in ACC export from the root preceded the increase in ethylene synthesis caused by waterlogging (Fig. 4) . The decline in ACC flux after about 60 h was observed in several experiments (e.g. Fig. 2 ). Development of epinasty followed a time course virtually identical to that of ethylene synthesis (data not shown). The close correlation between the rate of ethylene synthesis and epinasty has been well documented (9) .
To determine more precisely the time course of ACC accumulation during anaerobiosis, detached root systems in solution culture were flushed with either air or N2. Plants (two per treatment) were detopped at zero time and fractions of xylem sap were collected for 2-h intervals up to in the ACC flux between 2 and 12 h which leveled off after about 14 h' (Fig. 5) . Root resistance of anaerobic roots increased rapidly for the first 4 h, then slowly decreased until it was less than that for control roots (Fig. 5) . A similar pattern of a rise and fall in root resistance was observed in plants flooded in soil, but with a much slower time course. Large increases in exudation rates (decreases in root resistance) were consistently observed after 36-48 h of flooding. Similar effects of anaerobiosis on root resistance have been reported previously (17) .
Since the conversion of ACC to ethylene requires 02 (1), draining the flooded pots should readmit 02 to the root zone and allow metabolism ofACC in the root. Ifaccelerated shoot ethylene synthesis is due to ACC from the anaerobic root, both ACC flux and ethylene synthesis should decline rapidly after draining the pots. When flooded plants were drained after 30 h of flooding, the ACC flux decreased more than 7-fold during the next 6 h, and fell to zero on subsequent days (Fig. 6 ). Ethylene synthesis rates also declined rapidly to the control leveL in marked contrast to the continuously flooded situation (Fig. 4) .
The results presented strongly support the hypothesis that ACC is the signal from anaerobic roots which causes increased ethylene synthesis in the shoot. If ACC is the signal, supplying ACC alone to the tomato shoot should reproduce the flooding symptoms.
Concentrations of ACC exceeding 3 pm were found in flooded xylem exudate. When ACC at comparable concentrations was fed to tomato cuttings through the transpiration stream, both epinasty and increased ethylene production were observed (Table I ). The measurements were taken at a time when epinastic growth was rapidly occurring. Epinasty may be a more sensitive indicator of internal ethylene levels than is the method used for ethylene determination, as epinasty was detected at a lower ACC concentration than was the stimulation in ethylene production. Only a small increase in ethylene production rate is sufficient to give a maximal epinastic response.
High ethylene production rates by petioles require a continuous supply of ACC. When petioles were excised from shoots supplied with ACC through the transpiration stream, the ethylene production rates fell rapidly to the control level (Fig. 7) . A similar rapid decline was observed when flooded plants were drained (Fig. 6 ). Ethylene production from petioles excised from shoots which had been supplied with ACC for 6 h through transpiration stream. Linear trend for increase in ethylene production with ACC level for 0.5 h data significant at P < 0.001. This is in contrast to the effect of IAA, where ethylene production from excised petioles remained fairly constant over the 3.5-h measurement period (3) . The pattern shown in Figure 7 is indicative of the substrate role of ACC as compared to the presumed enzyme-inducing effect of LAA (19, 20) .
DISCUSSION
It is now well established that waterlogging causes a rise in internal ethylene levels which in turn stimulates epinastic growth of the petioles (2, 8, 11) . Various sites have been suggested as the source of the excess ethylene. Following the discovery of ethylene in anaerobic soils, Jackson and Campbell (6) demonstrated that ethylene could enter the plant from the root zone and cause epinasty in the shoot. Kawase (12, 13) , on the other hand, proposed that water prevents the escape of ethylene from the root. The resulting accumulation of ethylene would cause the gas to diffuse internally from the root to the shoot. However, subsequent investigations showed that neither ethylene in the root zone nor a water barrier was required for the elevated ethylene production and epinasty in the shoot (2) . Rather, accelerated ethylene production in the shoot is a result of 02 deprivation of the root (2, 8, 9 ). An ethylene-promoting signal moving from the anaerobic root through the xylem to the shoot was proposed by Jackson and Campbell (8) . Transferring excised tomato roots from an anaerobic to an aerobic environment caused a burst of ethylene production, suggesting that a precursor was accumulating during anaerobiosis (9) .
Adams and Yang (1) have recently elucidated the metabolic role of ACC in ethylene biosynthesis based on the observation that ACC accumulated under anaerobiosis. They have demonstrated the following pathway for ethylene biosynthesis in apple tissue: methionine --S-adenosylmethionine -. ACC --ethylene.
02 is required for the conversion of ACC to ethylene. ACC caused a marked increase in ethylene synthesis in a wide variety of plant tissues and Qrgans (5). These observations implicate ACC as a likely candidate to be the ethylene-promoting signal from anaerobic roots.
Data presented in this paper have shown that: (a) ACC levels in the roots increase during anaerobiosis; (b) ACC is exported from anaerobic roots in the xylem sap (Figs. 1, 2, 4-6) ; (c) ACC appears in the xylem sap prior to increases in ethylene production and epinasty (Figs. 2-4) ; (d) to support an ethylene production rate of 1 nl g-1 h-', which causes a maximal epinastic response (Table I) , requires an ACC flux of 0.6 nmol h-for a 15-g shoot based on a mole-to-mole conversion; thus, observed ACC fluxes of up to 3 nmol h-' should be sufficient to sustain the elevated rates of ethylene synthesis; (e) draining flooded plants results in a rapid, simultaneous decrease in ACC flux and ethylene production (Fig. 6) ; (f) ACC fed through the transpiration stream causes epinasty and increased ethylene synthesis (Table I) ; and (g) petioles are dependent upon an ACC flux for continued high rates of ethylene synthesis (Fig. 7) . These results strongly support the view that ACC from the anaerobic roots is responsible for elevated ethylene levels in the shoot.
There are two possibilities to account for the accumulation of ACC in anaerobic roots. First, lack of 02 prevents conversion of ACC to ethylene, so that the ethylene normally synthesized in the root would instead accumulate as ACC. In addition, anaerobiosis may actually stimulate the ethylene biosynthetic pathway, again resulting in ACC accumulation when 02 is limiting. The normal rates of root ethylene synthesis are insufficient to account for the increase in shoot ethylene evolution (2) . However, as reported here, ACC export from anaerobic roots is adequate to sustain the ethylene synthesis rate of the shoot. Thus, anaerobic stress not only blocks conversion of ACC to ethylene, but also accelerates ACC synthesis. This is suggested by Figures 2 and 4 , where ACC export from the root increased for up to 60 h before declining.
Furthermore, the observations of Kawase (14) are consistent with the notion of an anaerobic stimulation of ACC synthesis in sunflower stems. The mechanism of regulation of ACC synthesis in anaerobic tissues remains to be elucidated.
The classical definition of a hormone is an endogenous compound which is synthesized at one site and is transported to another site where it exerts a physiological effect. Due to its (15) . However, King (15) has stated that "although there is much suggestive evidence it is not yet possible to conclude that vascular transport of a known plant growth substance is indisputably involved in the control of plant growth." The results reported herein clearly show that ACC is a root-synthesized compound and is transported in the xylem to the shoot, where it regulates growth responses through conversion to ethylene. All five classes of plant hormones can now be said to be transported in the xylem.
